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1 Abstract

The polarization transfer technique was successfully used in the high precision measure-
ments of the proton elastic form factor ratio Gg,/G s, at JLab in two experiments in Hall A.
In the first (E93-027), a maximum @Q? of 3.5 GeV? was obtained, and in the second (E99-007)
a Q? of 5.6 was reached. The forthcoming experiment in Hall C (E04-108) will extend these
measurements to 9 GeV?, close to the limit for a 6 GeV beam. Increasing the beam energy
to 11 GeV will push the limit of these measurements to a Q? of 15 GeV? or higher.

In this proposal we demonstrate that using a single dipole detector system
with large solid angle, which includes a polarimeter and a hadron calorimeter,
to detect the recoil proton, we can obtain good statistical error bars up to a Q?
of ~ 15 GeV?.

As in experiment E-04-108, GEp(3), the scattered electron will be detected in the lead
glass calorimeter BigCal, which allows for solid angle matching for all kinematics proposed.
The tracking part of the proton arm will consist of three gas electron multiplier (GEM)
detectors, each consisting of 3 planes. The high fluxes of charged- and neutral particles that
these detectors can sustain make it possible to design an experiment with small bending

angle in the dipole and to have the front detector in direct view of the target.

This experiment will extend the range of Q? significantly, with statistical and systematic
uncertainties similar to the first three Gg,/Gn, experiments. The anticipated results will
provide a definitive test of the many phenomenological models at high @2, which do describe
the present data base.
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2 Collaboration contributions to 12 GeV baseline equipment

There are four items listed under Hall A 12 GeV baseline equipment:
e arc energy measurement system,
e the Compton polarimeter,
e the Mgller polarimeter,
e the HRS readout electronics.

Two of these items are essential for the proposed experiment: Compton polarimeter for
continuous monitoring of the beam polarization and Mgller polarimeter for the planned spin
“dance”.

The collaboration intends to contribute to the development of the HRS readout elec-
tronics and associated software. This collaboration intends to make major contributions to
the commissioning of Compton and Mgller polarimeters.

The spokespeople of this experiment include members of two university groups that have
played a major role in the Hall A physics program and a large research group from INFN,
which has made major contributions to the development of high-tech detectors, and mo-
tivated innovative experiments. These groups have made significant contributions to the
base equipment in Hall A from the beginning; these include commissioning of the Hall A
high resolution spectrometer pair, development of the septum magnets and a state-of-the
art particle identification RICH detector, and design, construction and commissioning of the
Hall A focal plane polarimeter used in many experiments.

In addition, one of the PIs of this proposal is leading a collaboration of 4 Universities
which will build, install and calibrate the standard detector package for the Hall C
super HMS. An MRI proposal to NSF has been submitted and will be funded.

The magnet-detector setup this collaboration is proposing to build and commission will
be a valuable device for many future experiments in Hall A with the upgraded 11 GeV beam.



3 Introduction

An experiment is proposed, to measure the ratio of the proton elastic form
factors, Gg, and Gy, to 15 GeV?, using the recoil polarization technique. To
obtain sufficient statistics for such large momentum transfer the recoil proton
will be detected in a new detector which will include a single dipole magnet,
a polarimeter with three sets of tracking chambers, and a hadron calorimeter.
The dipole is available from the fixed target AGS program at BNL. For the
hadron calorimeter there are several options. One likely option is to reuse parts
of calorimeters that exist at several collaborating institutions. The new and key
part of the detector, for which in this experiment an international collaboration
is built up, is a set of tracking chambers, which are conceptually similar to ones
used in the COMPASS experiment at CERN.

The dipole will bend positively charged particles upwards, the elastically scat-
tered recoil protons by 6 degrees, and background charged particles will be swept
out of the tracking detectors. The proton spin will precess by optimum angle of
90°. A trigger in the hadron calorimeter will have a high threshold of 4 GeV.
A track of the proton will be recorded three times: first in the tracker after the
dipole magnet, second after the 50 cm CH, block and the third after a second
50 cm CH, block. The scattered electron will be detected in coincidence in the
recently built lead glass calorimeter BigCal, which has good energy and posi-
tion resolution. The new data will give access to a region of Q? in which Gp, is
completely unknown; it corresponds to very short distances inside the proton,
a kinematical region most critical for the testing of QCD based models of the
nucleon.

The structure of the proton (and of the neutron), as revealed by elastic electron scattering,
has been investigated experimentally and theoretically for over 50 years. Form factor data
are of great interest as a testing ground for QCD, as results from lattice QCD calculations
become increasingly accurate and realistic. Phenomenological models have recently been
challenged by elastic form factors obtained at Jefferson Lab, resulting in an intense discussion
of questions related to the shape of the proton [1, 2], and the contribution of the quark orbital
angular momentum to its spin, for example [3].

The two Sachs form factors, G, and Gy, required to describe the nucleon charge- and
magnetization distribution have been traditionally obtained by Rosenbluth separation. The
Grp-data obtained by this method have shown good internal consistency up to 30 GeVZ.
However, the characterization of G'g, has suffered from large inconsistencies in the data base,
which are now understood to be the result of the fast decrease of the contribution of Gg, to
the cross section.

An entirely new picture of the structure of the proton has emerged after two experiments
in Hall A showed that the ratio Gg,/G pp was in fact not constant, and decreased by a factor
of 3.7 over the Q? range of 1 to 5.6 GeVZ. These results are illustrated in Fig. 1, and are
also compared with Rosenbluth separation data.

Following the unexpected results from the polarization experiments, a new experiment
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Figure 1: Comparison of p,GEp/G My from the two JLab polarization data [5, 6], and Rosenbluth separation;
dashed curve is a re-fit of Rosenbluth data [7]; solid curve is an updated form of the fit in ref. [8].

was approved, to extend the Q2-range to 9 GeV? in Hall C. This experiment will start taking
data in the Fall of 2007. Possible beam energy limitations might lower the largest Q?-value
to 8.5 GeV2. In this forthcoming experiment the recoil proton will be detected in the HMS
equipped with a new double focal plane polarimeter. The scattered electron will be detected
in a new lead glass calorimeter (BigCal) built for this purpose out of 1744 glass bars, 4x4 ¢cm?
each, giving a total frontal area of 2.6 m?, which provides complete kinematical matching.

A letter of intent was submitted to PAC 30, to continue using this technique up to Q*=13
GeV? when an 11 GeV beam becomes available, by installing a the new double polarimeter
setup in the new super HMS to be built in Hall C, and again detecting the electron in
BigCal. This experiment is rate limited by the small acceptance of the SHMS, but uses a
proven technique and will require no new equipment, besides what is planned for Hall C at
12 GeV. A full proposal will be submitted to PAC34 (GEP(4)).

It is well known by now that Gg, is difficult to obtain from Rosenbluth separation, a
technique which is also especially sensitive to systematics errors and subject to large, e-
dependent radiative corrections. The two-photon exchange contribution, neglected in the
past, has been shown to be an important term to add to the standard radiative corrections



for cross section data; it has a strong e-dependence and brings the Rosenbluth form factor
ratio closer to the recoil polarization results. Two-photon contributions are expected to
affect the recoil polarization results only very weakly. Fig. 2 shows a prediction ([4]) for
the correction to uGg,/Gup as a function of Q? and ¢; according to this calculation the
correction remains small up to the large Q? of this proposal.

The recoil polarization data have very different and easily tractable sources of systematics
uncertainty than the Rosenbluth data, the dominant one being the spin transport throughout
the magnetic system of the proton detector. Techniques to correct for spin precession in
various magnetic detectors have been perfected in the hall A experiments; no difficulties
related to spin transport are expected in the new detector system proposed below.

Figure 2: A prediction from Afanasev et al. [4] for the correction to the 11,G g, /G mp ratio obtained in recoil
polarization experiments, due to two hard photon exchange, versus Q2 and e.

The results from the two previous recoil polarization experiments have been one of the
most quoted and most publicized JLab accomplishments to date.

The meaning of the results seen in Fig. 1 is that the spatial distribution of the electric
charge of the proton is “softer”, i.e. larger in extent (in the Breit frame), than its magnetic
moment distribution, which is definitively not intuitive. However, the relativistic boost
required to transform these spatial distributions back to the laboratory frame are not trivial
and only the form factors themselves are relativistic invariants. Recently G.A. Miller [9]
has shown that an invariant charge distribution can only be defined on the wave front; the
two-dimensional charge density on the wave front is the Fourier transform of the Dirac form
factor, F.

The decrease of the Gg,/Gunp ratio had been predicted years before the experiments
actually occurred (for example Iachello, Miller, Holzwarth). The experimental results also
suggest that the ratio of the Pauli to Dirac form factor does not even begin to approach
the asymptotic limit predicted by pQCD, which would be signaled by Q?F,/F; becoming



constant; Fig. 2 illustrates this point. Based on the currently available data suggest that
the Ggp/G up ratio will cross zero near 8 GeV?. Experiments using a 11 GeV beam might
therefore explore the region of Q* where the ratio is negative.
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Figure 3: The ratio Fy,/Fip, obtained directly from the recoil polarization ratio Ggp/G mp, and multiplied
by @?; the Rosenbluth data of refs. [10, 11, 12] are also shown.

The present proposal, GEP(5), breaks away from the tested technique of detecting the
proton in a high- or medium resolution magnetic spectrometer equipped with a focal plane
polarimeter, with necessarily small solid angle. Instead, a single dipole with very large accep-
tance and solid angle bending the elastic recoil proton vertically, with favorable precession
angle of the longitudinal polarization component, and sweeping the low energy part of the
charged background particles away from the front tracker, will be used. This concept trades
high resolution and small solid angle for low resolution and large solid angle, an advantage
when the laboratory differential cross section drops as EZ, /Q'. This configuration can
potentially reach larger Q%s because of the larger acceptance, but is limited to one configura-
tion which covers the Q? range 12.3 to 16 GeV? in one setting. The data will then be divided
into two parts, with central values of Q? of 12.9 and 14.75 GeV?, respectively. The absolute
statistical uncertainties for these two points, A(Gg,/Gup), are expected to be 0.088 and
0.105, respectively.



The proposed new detector for the recoil proton includes a front tracker close behind the
dipole magnet, and consists of three GEM detectors, each with x,u,y coordinate readout to
define the incoming proton angle and the interaction point at the target. This is followed by
a double polarimeter of the type developed for GEP(3), but with two gas electron multiplier
(GEM) detectors, instead of the two sets of drift chambers, each with three coordinate
readouts.

The cost of the resolution/solid angle trade off is of course large background and high
trigger rate. Solutions to this problem are addressed in the proposal, in which it will be shown
that unwanted pions can be eliminated by using a hadron calorimeter on the proton side,
downstream of the polarimeter. With a threshold set up high enough, the trigger rate can
be decreased to modest and easily manageable levels. Also, the tracking in the front proton
tracker and in the two polarimeter trackers will be greatly facilitated by the localization of
the high energy component of the shower in the hadron calorimeter, as well as, by correlating
the hadron track with the electron hit postion in the electromagnetic calorimeter.
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4 Physics Motivation

The nucleon form factors contain information on the structure of a strongly interacting
many-body system of quarks and gluons. Many theoretical attempts have been made to
understand the nucleon form factors in terms of Quantum Chromodynamics (QCD). This
reflects the fact that a direct calculation of nucleon form factors from the underlying theory
of QCD, is extremely complicated as it requires, in the few GeV momentum transfer region,
non-perturbative methods. Hence, in practice all theoretical models of the nucleon form
factors involves approximations which often have a limited range of applicability. Despite
their approximations and limitations, some of these non-perturbative methods do reveal
some insight in the nucleon structure.

There are a number of different approaches to calculate nucleon form factors. The earliest
models to explain the global features of the nucleon form factors, such as approximate dipole
behavior, were vector meson dominance (VMD) models [13, 14, 15, 16, 17, 18, 19, 20, 21].
In this picture the photon couples to the nucleon through the exchange of vector mesons.

In the soliton model Holzwarth [22] applied the relativistic corrections due to recoil and
incorporated partial coupling to vector mesons. He used the skyrmion as an extended object
with one vector meson propagator and a relativistic boost to the Breit frame.

To understand the structure of the nucleon in terms of quark and gluon degrees of free-
dom, constituent quark models (CQM) have a long history. In QCD based models the
photon couples to the quarks directly. To calculate the form factors of a system with small
constituent masses and for momentum transfers several times the nucleon mass squared,
a relativistic description becomes crucial. Many relativistic constituent quark models have
been investigated [23, 24, 25, 26, 27, 28, 29, 30, 31] to calculate nucleon form factors. Other
quark models that predict nucleon form factors include the cloudy bag model [32], di-quark
model [33, 34], and QCD sum rules [35].

Lattice QCD simulations have the potential to calculate nucleon form factors from first
principles [36, 37, 38, 39] . This is a rapidly developing field and important progress has been
made in the recent past. Nevertheless, the lattice calculations are at present still severely
limited by available computing power and in practice are performed for quark masses sizably
larger than their values in nature. In contrast to all the models discussed above, lattice QCD
currently offers the best prospects for computing nucleon form factors from first principles.

Generalized parton distributions (GPDs) are being accessed in hard exclusive reactions,
which allow to remove in a controlled way a quark from the initial nucleon and re-implanting
it in the final nucleon [40, 41, 42, 43, 44, 45, 46]. The resulting GPDs can be interpreted as
quark correlation functions and have the property that their first moments exactly coincide
with the nucleon form factors. Precise measurements of elastic nucleon form factors provide
stringent constraints on the parameterization of the GPDs.

Perturbative QCD (pQCD) makes rigorous predictions when the four-momentum transfer
squared, %, is very large and the quarks become asymptotically free [47]. In this limit,
the nucleon form factors describes a hard photon interacting with a valence quark in the
nucleon, which then shares the momentum with the other (near collinear) valence quarks
through gluon exchange [48, 49, 50, 51].

The starting point in understanding the interaction of a vector probe such as the photon
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with a hadronic system is provided by the observation that the lowest lying hadrons with
vector quantum numbers are the vector mesons p(770), w(782) and ¢(1020). The number of
mesons involved in the interaction and the coupling constants and masses of the mesons can
be varied to fit the data.

Within such VMD models, the approximate dipole behavior of the nucleon electromag-
netic form factors, Gp = ( can be understood as being due to the contribution

1+Q2/0.171Gev2)2 ’
of two nearby vector meson poles which have opposite residua. Assume that one considers
two vector meson pole contributions with masses my, and my», and residua of equal mag-
nitude and opposite sign ¢ and —a respectively, and one obtains :

F1,2(q2) ~ a (_a') _ a (m%/l B m%/2) (1)

@ —my, @ —miy (¢ —miy)(@® —miy)

An early VMD fit performed by Iachello et al. [13] predicted a linear decrease of the
proton Gg,/Gup ratio, in basic agreement with the result from the polarization transfer
experiments. Such VMD models have been extended by Gari and Kriimpelmann [15] to
include the perturbative QCD (pQCD) scaling relations for the nucleon electromagnetic
form factors.

In recent years, extended VMD fits have been obtained with a relatively good parame-
terization of all electromagnetic nucleon form factors. An example is Lomon’s fit [18], which
uses p(770), w(782), ¢(1020), and p'(1450) mesons and contains 11 parameters. Another
such recent parameterization by Bijker and Iachello [20] include p(770), w(782), and ¢(1020)
mesons, but achieves a good fit by adding a phenomenological contribution attributed to a
quark-like intrinsic gqq structure. The pQCD scaling relations are built into this fit which
has 6 free parameters and fit the data. In contrast to the early fit of Ref. [13], the new fit of
Ref. [20] gives a very good description of the neutron data at the expense of a slightly worse
fit for the proton data.

The VMD model of Mergell et al. [16] is an expansion of the original work of Hohler
et al. [14]. This analysis of nucleon electro magnetic form factors has been further improved
by Belushkin et al. [21]. The parameters in their fit were constrained to yield the correct
normalization of the form factors at zero momentum transfers. The asymptotic constraints
from pQCD were included in two different forms : either as a super-convergence relation or
by adding an explicit continuum term with the imposed pQCD behavior. A simultaneous
fit to the world data for all four form factors in both the space-like and time-like regions
was performed. Figure 4 shows this fit for the nucleon space-like form factors. It will be
interesting to compare the most recent and sophisticated dispersion relation fit of [21] with
data for Gg,/Gy, out to large Q values.

The non-relativistic CQM, despite its simplicity, is quite successful in predicting the
spectrum of low-lying baryons [53], and gives a relatively good description of static properties
such as the octet baryon magnetic moments. However, to calculate the form factors, it is
necessary to include relativistic effects because the momentum transfers involved are up to
10 times larger than the constituent quark mass.

In the earliest study of the relativistic constituent quark models (RCQM), Chung and
Coester [23] calculated electromagnetic nucleon form factors using the light-front-form wave
function with Poincaré-covariant constituent-quark models and investigated the effect of the

12
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Figure 4: Dispersion relation (15 parameter) fit (solid curves) for the four nucleon (space-like) electromagnetic
form factors compared with the world data (circles) including the JLab/CLAS data for G, (triangles) [52].
The dashed curves indicate the 1o deviation from the fit. Reprinted with permission from Ref. [21]. Copyright
2007 by the American Physical Society.

constituent quark masses, the anomalous magnetic moment of the quarks, and the con-
finement scale parameter. In Ref. [23] a Gaussian wave function fot the quark internal
(transverse) momentum variables was used. Although this model yields a surprisingly good
agreement with the observed Gg,/G v, ratio, see Fig. 5, it yields nucleon form factors which
drop too fast at larger Q* values when using constituent quark masses around 330 MeV.

The phenomenological light-front wave function of Schlumpf [54] was used by Frank,
Jennings, and Miller [26, 55] to calculate the form factors. They showed that using a light-
front wave function one cannot expect the pQCD prediction of hadron helicity conservation
to apply and instead one finds that Fy,/F}, drops less fast than 1/Q? [55] in agreement with
the Ggp/Grp recoil polarization data [56, 5, 6].

Cardarelli et al. [27, 57] calculated the ratio with light-front dynamics and investigated
the effects of SU(6) symmetry breaking. They showed that the decrease in the ratio with
increasing % is due to the relativistic effects generated by Melosh rotations of the constituent
quark’s spins.

De Sanctis et al. [28] have calculated the ratio Gg,/Gnp within the hypercentral con-
stituent quark model including relativistic corrections: however, the slope of their Gg,/G
ratio is too small by a factor of about two.

The chiral constituent quark model based on Goldstone-boson-exchange dynamics was
used by Boffi et al. [29] to describe the elastic electromagnetic and weak form factors.
They compute these form factors in a covariant framework using the point-form approach
to relativistic quantum mechanics.

13
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Figure 5: Comparison of relativistic constituent quark model calculations with the data for the ratio
tpGEp/Gup. Dotted curve : front form calculation of Chung and Coester [23] with point-like constituent
quarks; thick solid curve : front form calculation of Frank et al. [26]; dot-dashed curve : front form calcula-
tion of Cardarelli et al. [27, 57] with point-like constituent quarks; dashed curve : point form calculation of
Boffi et al. [29] in the Goldstone boson exchange model with point-like constituent quarks; thin solid curve :
covariant spectator model of Gross and Agbakpe [30]. The data are from Refs. [6] (blue circles) and [5] (red
squares).

More recently another covariant constituent quark model calculation was performed by
Gross and Agbakpe [30], using a covariant spectator model. Assuming a simple pure S-wave
form for the nucleon three-quark wave function, evaluating the current matrix element in a
relativistic impulse approximation, and assuming constituent quark form factors including a
phenomenological term which parameterizes the pion cloud, an eleven parameter description
of the nucleon form factor data was obtained, see Fig. 5.

GPDs coincide with quark distribution functions at vanishing momentum transfer, and
have links with other nucleon structure quantities. The first moments of the GPDs are
related to the elastic form factors of the nucleon through model independent sum rules. The
following relations for a particular quark flavor [3] hold true :

+1 +1
/_ dz H'(x,£,Q%) = F{(Q), /_ dz E'(2,€, Q%) = F§(Q°), (2)

1 1

where F{(Q?) represents the elastic Dirac form factor for the quark flavor ¢ in the nucleon.
These quark form factors are expressed, using SU(2) isospin, as flavor combinations of the
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proton and neutron elastic form factors as:
F1u:2F1p+F1n7 F1d:2F1n+F1p;: (3)

where, neglecting the strange quark contribution, Fy, (F},) are the proton (neutron) Dirac
form factors respectively.

Ref. [43] used a parameterization motivated from the expected Regge behavior of the
GPDs at small z and Q2. This yields to the ansatz R1 for the valence part of the GPD HY :

Hgtl (I’ 0, QQ) = qv(x) $a’Q2’ (4)

where ¢,(x) is the forward valence quark distribution and o/ is the slope of the corresponding
Regge trajectory; a similar form is used for E%;.

A modified Regge parametrization (R2 model) for the GPD FE? has been used by [58]:

K4 o (1—z) 02
Ejp(2,0,Q%) = o (1=2)" gy()2” 1799 (5)
The resulting Regge ansatz R2 has three free parameters which are to be determined from
a fit to the form factor data.

In Figure 6, the results of the 1-parameter Regge model R1 is shown, with the value o’
= 1.105 GeV 2, which gives a good description of the proton charge radius. Obviously the
Regge model R1 is able to reproduce the main trends of the proton electromagnetic form
factor data for Q? < 0.5 GeV2. The Regge model R2 is able to describe existing data at
larger Q? with relatively good accuracy,with two additional parameters n* and n¢. The GPD
parameterization R2 also leads to a zero for G, at a momentum transfer of Q* ~ 8 GeV?,
which will be within the range covered by the upcoming JLab GEP(3) experiment [59].

The nucleon electromagnetic form factors provide a “famous test” for perturbative
QCD. Brodsky and Farrar derived scaling rules for dominant helicity amplitudes which are
expected to be valid at sufficiently high momentum transfers Q? [86]. Processes where the
interactions among the quarks proceed via gluon or photon exchange, both of which are
vector interactions, conserve the quark helicity in the limit when the quark masses or off-
shell effects can be neglected. In contrast to the helicity conserving form factor Fi, the Pauli
form factor F, involves a helicity flip between the initial and final nucleons. Hence it requires
one helicity flip at the quark level, which is suppressed at large Q2. Therefore, for collinear
quarks, i.e. moving in a light-cone wave function state with orbital angular momentum
projection I, = 0 (along the direction of the fast moving hadron), the asymptotic prediction
for F; leads to a 1/Q° fall-off at high Q2. For the proton ratio Fy,/Fy,, the polarization data
up to 5.6 GeV? show no sign of a 1/Q? behavior as predicted by pQCD. Instead, the data
show that the ratio Fy,/F, falls less fast than 1/Q? with increasing @* as shown in Fig. 7.

Belitsky, Ji, and Yuan [67] investigated the assumption of quarks moving collinearly
with the proton, underlying the pQCD prediction. They [67] showed that by including
components in the nucleon light-cone wave function with quark orbital angular momentum
projection I, = 1, one obtains the behavior Fy/F, — In*(Q?/A?)/Q? at large Q?, with A a
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Figure 6: GPD calculation of the proton magnetic form factor relative to the dipole Gp (upper panel), and
ratio of proton electric over magnetic form factors (lower panel), according to Ref. [58]. The dotted curves
correspond to the Regge parameterization R1, with o’ = 1.105 GeV~2. The solid curves are for the three
parameter modified Regge parameterization R2 : o/ = 1.105 GeV~2, n* = 1.713 and n?¢ = 0.566. Data for
Gump are from [60] (open squares), [61] (open circles), [62] (blue solid stars), [63] (green open stars), [10]
(red solid circles), [64] (red solid squares), according to the recent re-analysis of Ref. [65]. Data for the ratio
GEp/G up are from [8] (blue open triangles), [5] (blue solid squares), [6] (red solid circles), and [66] (green
solid triangles).

non-perturbative mass scale. Choosing A around 0.3 GeV, it was noticed in Ref. [67] that
the data for F5,/Fi, support such double-logarithmic enhancement, as can be seen in Fig.
7 (right panel). The arguments of Belitsky et al. [67] still rely on pQCD and it remains to
be seen, if their model still applies at higher Q%s of this proposal, as this prediction already
agrees with the data in the few GeV? region.

Also in references [68, 69], it has been discussed that inclusion of quark orbital angular
momentum yields a ratio Fy,/F}, which drops less fast than 1/Q? with increasing Q.

Lattice QCD calculations of nucleon structure quantities have matured considerably in the
recent past. They provide quantities such as the nucleon electromagnetic form factors from
the underlying theory of QCD. At present there is no systematic framework for extrapolating
lattice QCD results for nucleon form factors at values of Q? larger than about 0.3 GeV2. The
development of such a framework remains a challenge for future work. Even when lattice
results become available for m, values below 300 MeV, at larger 92, one is faced with the
problem of performing a chiral extrapolation (in the small scale m,) in the presence of a large
scale @Q%. A first attempt in this direction has been performed by Matevosyan et al. [70],
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Figure 7: Test of the scaling behavior of the proton form factors. Upper left panel : proton Dirac form
factor multiplied by Q*. Lower left panel : ratio of Pauli to Dirac proton form factors multiplied by Q2.
Right panel : test of the modified scaling prediction for Fs,/Fi, of [67]. The data for Fi, are from [64]
(solid squares). Data for the ratio Fy,/Fi, on both panels are from [6] (blue solid circles), [8] (red open
triangles), and [5] (red solid squares). The curves on the left panels represent the calculation based on the
three parameter modified Regge GPD parametrization of [58].

within the context of a light-front cloudy bag model (LFCBM). Fig. 4 shows predictions
from Ref. [70] of the ratio Gg,/Gr, as a function of Q? up to 40 GeV?2.
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Figure 8: LFCBM calculations of Matevosyan et al. [70] (Fig. 13 in this reference), using parameters obtained
by reproducing lattice results for the ratio Gg,/Gmp, at lattice spacing a=0.26 GeV~!.
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5 Evolution of the Polarization Transfer Experiments

5.1 The Method

In the one-photon exchange approximation the scattering of longitudinally polarized elec-
trons from unpolarized hydrogen results in transfer of polarization to the recoil proton with
two components, P; perpendicular to, and P, parallel to the proton momentum in the scat-
tering plane [71, 72|

LP, = —2\/7(1+T)GEGMtan% (6)

1 f,
I()Pe: m_(E€+E:3) \/'r(l-f—’r)G?V[tanQ?, (7)
/4

where 7 = Q? /4m12,; E., E!, and 0, are the initial and final electron energy and scattering
angle, and Iy ~ G% + %G?M Measuring simultaneously these two components and taking
their ratio gives the ratio of the form factors:

G _ _P(EAE) 6. 5
G M Pg 2mp 2

Using the polarization technique, the form factor ratio Gz /G, at a given Q? can be obtained
without measuring the absolute cross sections and without change of beam energy or detector
angle, thus eliminating important sources of systematic uncertainties. Radiative corrections
have been shown to be very small for polarization observables [4]. Note that the analyzing
power of the polarimeter and the beam polarization that appear as a coefficient to P; and
P, cancels out in Eq. 8, and their knowledge is not needed. However the efficiency of the
experiment requires that these quantities must be maximized.

5.2 Experiments with 6 GeV accelerator

The first recoil polarization experiment (E93-027) [56, 6] at JLab used the two High Res-
olution Spectrometers in Hall A. The solid angle of the spectrometers is 6 msr and the
momentum resolution 10~™*. A polarimeter placed in the focal plane of the proton arm
measured the polarization components, P;** and PS¢ of the proton perpendicular to its
momentum. The polarization components at the target, P, and P, that enter in Eq. 8 were
obtained from the measured P,;”*“ and P:P¢¢, using spin transport model of the spectrometer.

The acceptances of the two spectrometers approximately matched up to Q? values of
2.5 (GeV/c)?. The electron to proton solid angle ratio, 2./€2,, increases with Q* for a
fixed beam energy. For the two highest Q2 points at 3.0 and 3.5 (GeV/c)?, the electron
arm spectrometer was limiting the overall acceptance. That is why for the second GEP
experiment (E99-007) [5], the electron spectrometer was replaced by a lead-glass calorimeter
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Figure 9: One High Resolution Spectrometer and one calorimeter set-up of GEP(2) in Hall A; similar set-up
for the GEP(3) in Hall C.

of frontal area 1.3m x 2.5m (Fig. 9). The distance to the target varied between 9 — 17m to
achieve full solid angle matching and therefore maximize the number of events collected.

A similar solution was chosen for the forthcoming GEP(3) experiment (E04-108)[73].
It will use the HMS spectrometer (6.8 msr) in Hall C and the specially build lead-glass
calorimeter, BigCal, with 1744 lead-glass blocks of 4 x 4 ¢m frontal area. This calorimeter
provides much better electron angle resolution and can be placed very close to the target.
Another improvement is the new Focal Plane Polarimeter (FPP) with two analyzers, that is
expected to increase the overall Figure-Of-Merit (FOM) by about 20 —30%. The highest Q?
should be 9 (GeV/c)?, with a 6 GeV beam, as proposed and approved; however, the exact
value of Q? will be determined by the available beam energy at the time of the experiment.

5.3 Challenges of high (Q* measurements

Form factor measurements above 9 (GeV/c)? can be done only with the 12 GeV accelerator.
Doubling of the energy, however, is not the only condition for high ) measurements.

The elastic ep cross-section, do;/dQrqp drops rapidly as ~ E? /Q'?, where the main contri-
bution comes from the form-factor part, ~ 1/Q®, while the Mott cross-section is proportional
to E2/Q*.

The analyzing power, A,, of the reaction used to measure the proton spin falls as 1/p, ~
1/Q? [74, 75], where p, is the proton momentum in the lab frame. This is illustrated at
Fig. 10 for the first two GEP experiments [6, 5]. In the GEP(1) experiment carbon was
used as an analyzer, while in GEP(2) it was replaced by C'H,. After the proton rescattering
the secondary charged particle is not identified. To demonstrate the 1/p, dependence, the
analyzing power, A,, measured in these experiments, is multiplied by the proton momentum
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Figure 11: Maximal value of analyzing power, A7"az, for the p+C/CH, — 1charged+ X reactions (blue/red)
from [74, 8, 78, 79, 6], and for the elastic pp reaction (magenta) [76] versus the inverse of the proton lab
momentum

and plotted versus the transferred momentum pr = p,fs,,. Here 0, is the polar angle
between the incident proton and the secondary charged particle registered in the FPP. One
can see that starting at a proton momentum of about 1.5 GeV/c, the product p,A, exhibits
similar behavior as a function of pr. Such a scaling was found experimentally to be valid
up to a proton momentum of 5.3 GeV/c [74] at the Dubna (JINR, Russia) accelerator. As
a result, the effective analyzing power A%/ = [ A,dpr is proportional to 1/p,. Here it is
assumed that the polarimeter allows to register secondary particles with 100% geometrical
efficiency up to values of pr for which A, vanishes.

At Fig. 11 we compare the maximal value of the analyzing power, A7***, for C' and CHy
including also the Dubna and other data. On the same figure the A7"** value for the elastic
pp reaction [76] is plotted. It exhibits similar ~ 1/p, behavior, but the values are about
twice as large as compared to the p + C(CHy) — lcharged + X reactions.

The overall experimental Figure-of-Merit, FFOM is proportional to the number of elastic
protons NN, and to the polarimeter Figure-of-Merit, FOM,,. The latter in turn is propor-
tional to the effective analyzing power squared, assuming constant polarimeter efficiency.
Therefore, one can estimate FOM ~ N,FOM,y, ~ ael(Afo)2 ~ E?/Q'. For example, be-
cause of the rapid fall with Q?, the FOM of a 14 (GeV/c)? measurement using the 11 GeV
beam, is only 1/15 of the FOM of the highest Q? GEP(3) measurement at 8.5 (GeV/c)? with
5.7 GeV beam energy. Therefore, in order to get similar statistical errors at high Q?, with-
out using excessive beam time, one needs detectors with acceptances an order of magnitude
larger than the one of the ”classical” experimental set-up (Fig. 9).

Using a "classical” set-up at high Q? require new proton spectrometer since the proton
momentum is proportional to Q? [80].

In high () measurements of G mp/Gurp special attention should be paid to the accuracy of
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the precession angle in the non-dispersive plane of the spectrometer which increases
as 7, ~ @Q?. Let us consider a simple magnet that bends proton trajectories at an angle of
A#f in a plane perpendicular to the reaction plane. In this plane the proton has only one spin
component, the longitudinal one, P, *. After the magnet, it is rotated by a precession angle
of xo = v, (up — 1) A6, where p, is the proton gyromagnetic ratio. Because of the large proton
gamma factor, v,, even small bend angles are enough to rotate the P, component to about
the optimum 90° for measurement in the polarimeter. At the same time, the precession in
the reaction plane x4 = v,(1, — 1) A¢g, where A¢ is the deflection in the non-dispersive plane
(due to fringe fields), results in a mixing of the P, and P, components. Since their ratio,
P,/ Py, is directly proportional the form factor ratio, such mixing is a source of systematic
uncertainty.

To a good approximation [6, 77] the ratio of the polarization components at the target
P,/ Py is related to the the measured ratio P;**°/P,;** by:

P Pspec
FZ o S X0 + % (1p — 1) AG, (9)

where the two terms represent the dispersive and non-dispersive precession. These terms
appear in the result for the form factor ratio when substituting Eq. 9 in Eq. 8:

G E.+E. 6, (PW
= —— tan —

:U'p@ = —Mp popec sin xp + 7p( )A¢> (10)

2m,, 2

At high @Q? the combined factor in front of A¢ becomes big, for example about 100
at @Q*> = 14 (GeV/c)?. That is why the systematic uncertainty from the non-dispersive
precession is about 100 times bigger than the uncertainty of the non-dispersive deflection
angle A¢. For example 1 mrad error in the angle corresponds to 0.1 absolute error for the
form factor ratio. Therefore, controlling the mean deflection angle in the reaction plane to
a fraction of a mrad is mandatory for high )?> measurements.

!the normal component P, is negligible since it is zero in Born approximation
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6 Proposed experimental setup

The experiment will be performed in Hall A. The electron beam will pass through a 40 cm
long LH2 target in the existing scattering chamber. The electron will be detected in the
recently-built, highly segmented electromagnetic calorimeter BigCal. We propose to built
a large acceptance proton arm, which trades the high resolution of HRS-HMS-SHMS for a
large acceptance and moderate momentum resolution. In the following sections the details
of such a setup and its operation at the required luminosity are presented. The layout of the

"Novel" Measurement

E.M. calorimeter (BigCal)
Q. = 180 msr

beam

\ ‘\ \\‘
\\ \

POLARIMETER  Q, > 33 msr

Figure 12: The proposed large acceptance setup. Proton arm: 48D48 magnet, double polarimeter with three
blocks of fast tracking chambers, and a hadron calorimeter. Electron arm: 1744 channel electromagnetic
calorimeter.

proposed experimental set-up is shown in Fig. 6.

An existing simple (non-superconducting) magnet, type 48D48, is placed close to the
target providing a solid angle > 33 msr. The magnet can view a target of 40 cm length.
The magnet is followed by a polarimeter and a hadron calorimeter, HCAL. The polarimeter
consists of two C'Hy analyzers with tracking chambers on both sides of each analyzer. The
hadron calorimeter, with an energy resolution of about 30% for high energy protons, has
two important functions. First, the calorimeter provides a trigger with a high threshold of
4 GeV to reduce the DAQ rate. Second, it provides both coordinates of the hadron shower
with an accuracy of 1.5 c¢cm, greatly facilitating the tracking analysis in the presence of a
very high hit multiplicity.

The price one has to pay for having a large acceptance are the high background rates
especially at the front chambers which are in direct view of the target. However, the invention
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by F. Sauli of the Gas Electron Multiplier (GEM) [81] has stimulated amazing progress in
tracking technology during the last decade, and makes it possible to handle rates orders of
magnitude higher than needed for this experiment, as discussed later in this section. We
propose to use GEM based trackers described in the articles [81, 82]. The GEM is based on
gas avalanche multiplication within small holes, etched or drilled in a metalized Kapton foil.
Such a technology gives a true two-dimensional localization of the radiation. The avalanche is
confined in the hole, free of photon-mediated secondary effects, resulting in very fast (few ns
rise time) signals. All these properties result in very high rate capabilities of up to 100 M H z
per cm?.

6.1 CEBAF polarized beam

We assume a 75 pA beam with 85% polarization. Such a polarization has already been
obtained in many JLab experiments. The beam polarization defines the magnitude of the
measured asymmetries but the polarization transfer method doesn’t require its knowledge
to obtain the form factor ratio. The beam polarization will be measured with the Hall A
Mgller/Compton polarimeters to make sure that it is maintained at maximum level.

6.2 Target

A 40 em liquid hydrogen target will be used. In addition a thin carbon target, as well a
target consisting of 11 thin carbon foils with 4 em spacing will be used for optical and spin
transport studies in the proton arm as described in Section 8.

6.3 Rate estimates

To estimate the background rates we have used a simulation code written by P.Degtiarenko.
This code has been used for many years at JLab to estimate experimental radiation budgets.
To the standard GEANT-based model of Hall A we have included the proposed set-up as
described in Fig.13. The results of these simulations are summarized in Table 1. The rates
are calculated for 40 cm liquid hydrogen target with two 5mil Al walls, and 75 pA current.
Charged particles with momenta less than 1 GeV don’t contribute to the rates because they
are swept out by the the magnet (37'm field integral). For photons two thresholds have
been calculated to illustrate the two different types of background discussed in Section 6.4.3.
Soft photons can produce uncorrelated random hits in the three chambers of a tracker, while
those of greater than 300 M eV producing charged particles produced in the first chamber can
mimic an actual track through the three chambers. The gamma efficiency of the chambers
is discussed further in Section 6.4.3.

6.4 Proton arm

The proton arm is the new element in the proposed experiment. It consists of a dipole
magnet providing the horizontal main field, a tracking system and a hadron calorimeter for
the trigger. The detailed geometry of the set-up in the reaction (horizontal) plane is shown
at Fig.13. The magnet bends vertically at an angle of 6° for the central trajectory. Using a
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particle | front chamber | first rear chamber | second rear chamber
and threshold at 325 cm at 457 em at 556 cm
v, 100 KeV 80,000 6,700 1,800
v, 300 MeV 140 12 5.5
e  ,1 GeV 0.3 0.05 0.02
et |1 GeV 0.2 0.03 0.01
7,1 GeV 8 1.2 0.54
7t ,1 GeV 14 2.1 0.95

Table 1: Estimated rates in kHz per cm? at different distances from the target for different particles

integrated above the given thresholds; for 40 cm LH target and 75 pA

simple magnet without quadrupoles makes it easier to control the non-dispersive deflection
as discussed in Section 7.2. The horizontal:vertical aspect ratio of the set-up is about 1:2.

6.4.1 Dipole magnet

The magnet of the proton arm is a type 48D48 dipole, four of which were used in fixed
target experiments at AGS, and presently available together with the power supply. The
magnet has a total weight of 100 tons. It consists of five iron slabs and two saddle type coils.
Such segmentation will make it possible to assemble the magnet in Hall A by means of the
available 20-ton overhead crane. The magnet has a 46 cm wide gap between 120x120 cm
poles. When located at a distance of 150 cm from the target, it provides 35 msr solid angle
at 14°. Installation of such a large magnet at the required angle close to the target interferes
with the beam line and thus we plan to make an opening in the magnet iron for the beam
line, as shown in Fig. 14. The effect of such a modification on the field in the gap is relatively
small as it was confirmed by a full calculation with TOSCA code. With a 1 Tesla field in
the gap, there is only 7 Gauss in the opening for the beam line. This field will be further
reduced at the beam center by means of a thin py-metal shield. Outside the magnet iron,
field clamps, and beam-line shielding will be used to insure a low field level in the beam line.

In Hall A the magnet will be installed on rails similarly to the ones used in the GEN
(E02-013) experiment for the 80-ton neutron detector. After assembly the magnet will be
manually moved to the final position. Then a section of the beam line vacuum pipe will be
inserted through the right coil and connected with the rest of the vacuum pipe.

6.4.2 Polarimeter

The polarimeter measures the proton polarization in a plane perpendicular to the trajectory
using the azimuthal asymmetries of the proton-analyzer scattering (see Section 7.2). We
propose a polarimeter with two 50 em C'Hy analyzers, very similar in geometry to the one
constructed for the GEP(3) experiment. The main difference is that the original drift cham-
bers will be replaced by high rate tracking chambers, described in the next subsection 6.4.3.
The feasibility of using such polarimeter has been experimentally supported by calibration
measurements at the Dubna accelerator [74]. This double polarimeter will be used as two
independent polarimeters in series.

26



As seen from Fig.10, the analyzing power vanishes for Pr values above 1.2 GeV/c. For the
momentum range of 7.5 — 9.5 GeV/c of the proposed high Q? measurements, it corresponds
to polar scattering angles 6 of 7.2 — 9.2°. The dimensions of the polarimeter were chosen
in such a way as to allow for secondary scattering with full geometrical efficiency up to 10°
from both analyzers (Fig.13).

The analyzing power has a maximum at Pr & 0.4 GeV/c ( Fig. 10), corresponding to polar
angles of 40 — 50 mrad, and then drops rapidly at smaller angles. Thus, for the polarimetry
it is sufficient to have an angular resolution of about 2 mrad. Multiple scattering angle
uncertainties in the analyzers will be 1.5 — 2 mrad depending on the proton momentum.

The hadron calorimeter requires the secondary particle to be above the threshold of 4 GeV
(Section 6.6), which means it is most likely a proton (the elastic cross-section is ~ 25% of the
total one). In contrast, in the GEP experiments there was no constraint on the secondary
particle except that it be charged. This is the case for all the C' and C'Hy measurements
presented at Figure 11, for which the analyzing power is about half the value for the elastic
pp reaction. That is why we expect that by applying a threshold on the secondary particle
the analyzing power, A,, will increase. At the same time the polarimeter efficiency, ¢ will
decrease, but since the polarimeter FOM is proportional to the 6A§, the expectation is again
in favor of increasing FOM. However, this needs to be confirmed experimentally before the
experiment, as explained in Section 8. For the purposes of the error estimations we assume
a constant polarimeter efficiency of 25% for each analyzer, while the analyzing power is
extrapolated from Figure 11.

6.4.3 Tracking chambers

We propose to built three trackers (GEM, TGEM1, and TGEM2 at Fig. 13), each consisting
of three GEM chambers. Each chamber gives three coordinates (x,u,v) by means of three
layers of readout strips on which charge from the chambers is induced. The front tracker
will be used both as part of the spectrometer, and of the polarimeter. The rear trackers
are needed only for polarimetry. The background rates (Table 1) at the front chambers are
about 10 times bigger than at the rear chambers, and dominated by photons. All this implies
different requirements, and therefore different solutions for the type of the front and rear
chambers.

For the front chambers we propose to use the standard thin GEM technology [81]. The
typical foil thickness and hole diameter are 50 — 70 um and the pitch is 100 gm. The amount
of material can be as low as 50 mg/cm?. For such a material we estimate about 1072 efficiency
for gamma detection. From Table 1 we obtain about 100 kHz/cm? (80 kHz/cm? photons
and 20 kHz/cm? pions) rates on the front chamber, which is three orders of magnitude less
that the GEM technology limit.

Figure 15 shows one of the 20 GEM detectors [83] which have been operational for several
years at the COMPASS experiment at CERN. It has three 31 x 31 cm? GEM foils inside the
gas volume, that give triple amplification and allow for stable operation at high gains.

In the proposed setup the front GEM tracker should cover an area of 40 x 75 ¢m. Due
to the limitations of the thin GEM technology, the front chambers will consist of two GEM
40 x 40 cm? sections with an overlapping region in the middle.
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The high rates will also produce random hits in the chambers. Using a standard 100 ns
integration time, the probability of random hits on the front chambers will be 1% per cm?.
Since the photon hits on the three GEM chambers are not correlated they can be eliminated.
A residual of 20% corresponds to random tracks, mostly from pions that appear with a
probability of 0.2% per cm?. Section 7 explains how to deal with these tracks.

We require a 0.2 mrad angular resolution of the front tracker, a value similar to the
contribution of the multiple scattering in the air between the target and the tracker. This
can be achieved with a distance of about 50 cm between the side GEM chambers, as the thin
GEM chambers have a superior coordinate resolution of about 70 pm. Magnet simulation
with the SNAKE code including also the multiple scattering in the air between the target and
the tracker, shows that this will correspond to a momentum resolution of the spectrometer
of 0.5% at a bending angle of 6°, and to an in-plane and out-of-plane angular resolution of
0.3 mrad.

Since we require only 2 mrad angular resolution for the rear trackers (Section 6.4.2),
we propose to use there thick GEMs. Such technology was recently developed [82] as a
much cheaper alternative to the standard GEM when the required coordinate resolution is
of the order of sub-millimeters. Thick GEMs can be build with bigger sizes. Such detectors
have very stable performance, and the same high rate capabilities. Typically all the GEM
dimensions (foil thickness, hole diameter and pitch) are about 10 times bigger than in the
thin GEM. A resolution of 0.3 mm has been achieved. This means the distance between the
side chambers in the tracker should be about 20 cm. The rear blocks should cover areas of
100 x 200 cm.

The photon efficiency of the thick GEM chambers is expected to be 10 times higher,
~ 1%. Therefore, although the photon rates are ~ 10 times smaller (Table 1) we expect
70 kHz/cm? on these chambers, which rate however is reduced to a few kHz/cm? after
eliminating the random hits.

6.4.4 Hadron calorimeter

The hadron calorimeter [84] consists of an array of 11 x 22 modules, each 15 x 15 x 100 cm?®.
These modules were built in JINR, Dubna (Russia) and are now used in the COMPASS ex-
periment at CERN. One module consists of 40 iron/scintillator plates of 20/5 mm thickness,
a wave-length shifter, a PMT, and a base. (Fig.16).

The energy resolution of a prototype array of 5 X 5 modules was measured [84] to be
(59.4 = 2.9)/VE + (7.6 £ 0.4)%. The coordinate resolution in both direction was found to
be 14 + 2 mm.

6.5 Electron arm

The 1744 channel lead-glass electromagnetic calorimeter BigCal, constructed for the GEP(3)
experiment, will be used to register the electrons. The calorimeter was tested in the Test-
lab (Fig.17) and as of June 2007 it is being prepared for transportation to Hall C for the
forthcoming experiments starting this fall.

Glass blocks, contributed by IHEP, Protvino, of sizes 38x38x450 mm? form an array of

28



32x32 blocks. On the top of it, an array of 30x24 blocks of sizes 40x40x400 mm? that came
from the RCS experiment, is stacked. In both the Protvino and RCS parts the same PMTs
are used ("FEU-84") optically coupled to the glass using ”cookies” with a thickness of about
5 mm.

The individual signals from each channel are amplified in front-end modules and sent to
Fastbus ADC modules LeCroy 1881. Analog sums of each 8 channels are sent to Fastbus
TDCs LeCroy 1877 via discriminators. Analog sums of 64 channels are fed into discriminators
that form a logical OR of all the channels used as an electron arm trigger. The pedestal
widths (sigma) are about 2 MeV for the individual channels, and 15 MeV for the sum of 64,
which together with the detector resolution, defines the precision of the trigger threshold.

By means of detailed GEANT simulations of the calorimeter, the coordinate resolution
was estimated to be 5 —10 mm depending on the electron angle and energy. The calorimeter
will be placed at 3.5 m which corresponds to an angular resolution of ~ 2 mrad. Based on
the results of the RCS experiment [88], we expect less than ~ 5% /+/F energy resolution. For
the minimum electron energy of 2.5 GeV (at Q*=16 GeV?) the resolution will be ~ 3.2%
which, when combined with the threshold precision, allows setting calorimeter threshold at
about 2.2 GeV'.

Course calibration using cosmic muon tracks has been done at a level of 10%. (Fig.18).
In the forthcoming Hall C experiments the calorimeter will be calibrated precisely using
elastic ep scattering and measuring the proton momentum in the HMS. For the proposed
experiment, after identifying the elastic electron (see Section 7) its energy will be calculated
from its angle. The angular resolution of 2 mrad corresponds to ~ 0.1% electron energy
resolution — more than sufficient for the calorimeter calibration.
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Figure 13: Detailed geometry of the proposed set-up in the reaction plane for the high Q? measurement. All
dimensions are in inches.
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Figure 14: A sectional top view (left) and a front view (right) of the magnet. The right coil is modified to
allow for the beam line passage. The beam line has a conical pipe (+40 mrad). The field lines (red curves
in the right picture) show why the opening has just a little effect on the magnet properties.
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Figure 15: Triple GEM detector [83] operated in the COMPASS experiment at 2.5M Hz/cm? rates. The
hole inside is for the beam and will not be required for our application.
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Figure 16: One module of the hadron calorimeter [84]. All dimensions are in mm.

Figure 17: BigCal in Testlab, January 2007. 1744 lead-glass blocks, photo-tubes, and bases within the black
box (left side with yellow frame), front-end electronics (blue racks), connected with HV (red) and signal
cables (black) to the electronics platform (at the far right end).
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Figure 18: Left: one muon track through Protvino (bottom) and RCS (top) parts; colors represent ADC

channel values, missing part of the track is in the region without HV, supposed to be supplied only in the
hall. Right: ADC peak positions (in channels) after rough calibration with cosmic.
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6.6 Trigger

There are several requirements to the trigger of the proposed experiment. First, it should
be efficient for the events of elastic electron scattering. Second, the frequency of the trigger
should not exceed capability of the DAQ system. Electron arm trigger will be used as a first
level DAQ trigger (L1). A coincidence between trigger signals of the two arms within a 50 ns
time interval will be used as a second level DAQ trigger (L2). A CPU dead time associated
with the Fast Clear rate expected to be of 6-8%.

The rate in the electromagnetic calorimeter at 5.75 GeV beam energy was measured (E99-
114 [88]) to be about 11 kHz with 20 A on 15 cm LH2 target at a threshold of 50% of the
elastic peak value. The RCS calorimeter had face area of 0.88x1.28 m? and was located at
a distance 8.1 m and an angle of 41° relatively to the beam. The rate as a function of the
threshold measured in the experiment is shown in Fig. 19 from Ref. [89]. In the kinematics of
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Calorimeter angle: 35° —
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Figure 19: Typical dependence of the counting rate in the electromagnetic calorimeter vs the threshold level.

the RCS experiment we observed that the counting rate, f, had an exponential dependence
on the threshold, Fy,,., normalized to E,,,,, the maximum energy of an elastically scattered
electron for a given scattering angle. This could be expressed as:

f = A X exp(—B X Ethr/Emaw)a

where A is an angle-dependent coefficient, and B is a constant =~ 9 + 1. We also performed
this type measurement for a higher beam energy of 5.75 GeV and used these for the rate
estimate shown below. The angular variation of A, after normalization to a fixed luminosity
and a calorimeter solid angle, is less than a factor of 2 for the RCS kinematics. The electron
arm calorimeter in proposed experiment, BigCal, will cover solid angle of 215 msr at a central
angle of 37.3°. The neutral and charged pions made the dominant contribution to the rate in

34



the calorimeters for electron beam energies above few GeV and a perpendicular momentum

of about 0.5 GeV/c.
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Figure 20: Inclusive cross section of pion photo production at large photon energy from Ref. [85].

For the calculations of the trigger rate in the electron arm of the proposed experiment
(Table 2), the above RCS experimental results as well as the experimental data from SLAC
at high photon energies of 9-18 GeV [85] (see Fig. 20) have been used. Because of the large

75
148

85
60

90
38

Ethr/Emaac; %
Rate, kHz

50
1400

Table 2: Electron arm trigger rate as a function of the percentage of the threshold to the elastic energy.

angular acceptance of the calorimeter, the energy of the elastically scattered electron varies
between 4.45 and 2.48 GeV. As a result, the optimum value of the threshold also should
vary depending on the horizontal position of the blocks in the calorimeter. We plan to use
a threshold of 85% of the elastic scattering energy (see the discussions in Section 6.5).

High rates of particles in the proton arm present the main challenge in this experiment.
The dipole 48D48 sweeps out all charged particles with momenta below 1 GeV/c. The
remaining rate is dominated by high energy pions. Because the protons of interest have a
large energy of 7.5-9.5 GeV we can use a high threshold of 4 GeV for the trigger. At such
threshold the expected rate calculated on the basis of SLAC data [85] is 1.5 MHz of 7+
mesons. In the hadron calorimeter the combined signal from four adjacent modules will be
used to form a logical signal.

The trigger logic for the electron arm is shown at Fig. 21. Each numbered sum combines
four groups of four lead-glass blocks. In total there are 91 numbered sums. They overlap,
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as shown for example for sum 16. Similar arrangement will be made for the hadron arm. A
total of 210 logical signals of this type from the proton arm and 91 signals from the electron
arm will be used to form a second level trigger of DAQ. The coincidence scheme will take into
account the angular correlation between the electron and the proton. The angular correlation
is limited by the proton scattering cone in the material of CH, analyzer. Nevertheless the
correlation allows to reduce the accidental rate by a factor of 10. A 50 ns coincidence time
for 60 kHz from the electron arm and an effective 0.15 MHz from the proton arm results in
accidental rate of 500 Hz, which should be acceptable for the DAQ.

11 x 22 array
32 x 56 array

N
%
Cl

) G

Figure 22: Trigger logic for the proton arm. The

Figure 21: Trigger logic for the electron arm. matrix of the blocks has 11 vertical columns and

The matrix of the lead-glass blocks has 32 ver- 22 horizontal layers. Sums of the analog signals

tical columns and 56 horizontal layers. Sums of from each group of 2x2 blocks are sent to discrim-

the analog signals from each group of 4x4 blocks inators. In the analysis larger area (4x4) blocks

are sent to discriminators (for simplicity of the are used for the energy and hit coordinates de-
drawing only few sums are shown). termination.
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7 Data analyzes

7.1 Tracking

Because of the high hit multiplicity in the trackers for the high (J? measurements, the track
reconstruction procedure requires special explanation.

We start from the reconstructed electron hit on the calorimeter with a coordinate resolu-
tion of about 7 mm, positioned at a distance of 3.5 m from the 40 em target.. Taking into
account the size of the target, the corresponding elastic proton is expected in a region on the
front tracker with a vertical width of 2 ¢m and a horizontal size of 13 ¢m. The horizontal
size is defined mainly by the interaction point at the target. The vertical size reflects the
uncertainty of the proton out-of-plane angle of about +3 mrad (30), while the effect of the
momentum variations is negligible. On such an area we expect (Section 6.4.3) 0.20 random
photon hits and 0.06 (mostly pion) tracks through all the GEM chambers. As explained in
Section 6.4.3 the soft (0.1 ~ 300 MeV') photon hits are not correlated and can be eliminated
by a straight line requirement through the three chambers. For the remaining tracks the
particle momentum is reconstructed with a 0.5% resolution. One can reconstruct also the
in-plane angle with a 0.3 mrad resolution, the in-plane coordinate of the interaction point
(1 mm resolution for the proton and 2 mm for the electron side), and the electron in-plane
angle with a resolution of 2.1 mrad. By correlating the kinematic information from the two
arms, pion tracks will be rejected.

On the other hand, we have the proton position reconstructed at the hadron calorimeter
with a resolution of 15 mm. This corresponds to an area on the last rear tracker of about
64 cm? where together with the proton track, we expect also a pion track in 1% of the cases
(Section 6.4.3). One can reject such events, which will slightly (by 1%) reduce the track
reconstruction efficiency, or one can save them by matching the tracks back to the middle
and the first tracker, where only the proton tracks were kept.

As a result, we expect to identify the proton tracks at the front and at the last tracker.
The two polarimeters work in series and we consider events when there was a scattering in
the first or in the second analyzer. We extrapolate the tracks both from the front and from
the last tracker to the middle one defining two spots of about 1 cm diameter (due to the
multiple scattering in the analyzers and the angular resolution) one of which should contain
the proton track. In such an area the probability of a random track is negligible.

A similar approach was successfully used for the reconstruction of the tracks in the BigBite
chambers of the GEN experiment in Hall A. Figure 23 shows one event with the hits in
the three BigBite drift chambers in front, and in the two sections of the electromagnetic
calorimeter. The electron track is reconstructed by matching the crossing points of the three
coordinates of each chamber with the calorimeter hits.

In conclusion, having three coordinates per chamber and three chambers in a row, as in
the proposed experiment, helps greatly to reduce the noise and the soft photon hits. The
remaining background of charged particles is suppressed by matching the tracking informa-
tion with the electromagnetic and hadron calorimeter hits. Using the elastic kinematics to
match the electron hits with the proton tracks is essential in this procedure.
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Figure 23: One event of the GEN experiment, with the BigBite arm detectors: three drift chambers and two
sections of the calorimeter. The faces of the detectors are rotated to show the wires fired and the hits.

7.2 Polarimetry and spin transport

The probability of detecting a charged particle after the scattering in one of the analyzers,
at a azimuthal angle , ¢, and a polar angle, 6, is given by:

e(0, 9)
21

where + denotes the sign of the beam helicity, P, is the degree of the beam polarization,
and (0, @) is the detector efficiency. By means of a Fourier analysis of the the asymmetry:

— f+(07 ¢) B f_(ea ¢)
fH0,0) + f=(0,9)

one can determine the two polarization components P, and PP¢ which, using the spin
transport matrix, are related to the proton polarizations at the target, P, and FP,. Note
that the detector efficiency (6, ¢) cancels out in the asymmetry and doesn’t introduce false
(instrumental) asymmetries.

The simple magnet used to rotate the longitudinal spin component, P, so that it can be
measured in the polarimeter, makes it easy to model the spin transport within the magnet.
All the methods used in the GEP experiments are applicable here. In addition the view of
the chambers from the target allows to directly relate the target and polarimeter coordinate
systems. It is very important to note that the magnet deflection in the non-dispersive plane
is very small and easily controlled. Simulations with SNAKE code show a sigma of the
dispersive angle deflection of 0.6 mrad.

f=(0,¢) = (1 £ P.A,(0)(P**sing — PF*cose)) , (11)

A8, ¢) = P,A,(0)(P"*sing — P;P*cos¢) (12)
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7.3 Background separation

The suppression of the random hits and tracks has been discussed before (Section 7.1).
The spectrometer momentum resolution of 0.5% together with the angular resolution of the
proton and electron arms of 0.3 mrad and 2 mrad, respectively, helps to identify the elastic
reaction and reject most of the background.

However, Bremsstrahlung in the target and subsequent yp — 7% can mimic the ep
elastic scattering because a photon from the 7° decay will produce a similar signal in the
electromagnetic calorimeter as the elastic electron. The two reactions have similar kinematics
for the end point photon energies, because the pion mass (as is the electron mass) is negligible
compared to the proton mass.

The 7° background appeared in the GEP(2) experiment and was identified and rejected
by correlating the HRS and calorimeter information. Here, we start with this experimentally
obtained proton distribution of the background reaction then scale it for the kinematics of
the proposed experiment and fold it according to the resolution of the proposed spectrometer.

According to [86] the cross-section of the yp — 7%p reaction falls as 1/s”. This was found
to be in approximate agreement with the experiment [87] in the energy region of 4 — 5 GeV
(Fig.24). We use such an energy dependence for a backward center-of-mass angle of ~ 135°
(for the high Q? measurement), to extrapolate the cross-section up to 11 GeV. Actually, it
will give an upper limit of the cross-section. For low values of s and for backward angles the
scaling condition s, —u, —t 3> A%)¢p is not fulfilled and the cross-section is enhanced because
of u-diagram dominance. This is the case for the SLAC measurements where the u-invariant
is about —1.2 GeV?2. For the proposed 11 GeV measurements u ~ —5.3 GeV? and the u-
diagram contribution is much smaller. As a result the cross-section falls for energies between
5 and 11 GeV much faster than 1/s”. A similar effect was observed experimentally in real
Compton scattering [88].

Using the above procedure we calculate the proton, 7° and photon distributions and ap-
ply the elastic kinematical constraints. Fig.25, where the missing energy (E,,ss, difference
between the calorimeter energy and the one expected from the proton arm for elastic kine-
matics) distribution is plotted, illustrates that the 7° background to be suppressed down
to a value of 3%. As in the GEP(2) experiment, the polarization components for the back-
ground will be measured with a precision higher that for the elastic events. Therefore, the
corresponding corrections to the form factor ratio will result in a negligible systematic error.
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Figure 24: Invariant cross-section times s’ of the yp — 7°p reaction for gamma energies of 4 GeV (open
circles) and 5 GeV (solid circles) [87].
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Figure 25: Missing energy (E,iss, difference between the calorimeter energy and the one expected from the
proton arm for elastic kinematics) spectra of the elastic (black), 7° photoproduction (red), and their sum
(blue). To reject the inelastic events a cut is applied for E,;55 > 0.35 GeV.
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8 Proposed measurements

8.1 Production measurements

We propose to measure the proton form factor ratio Gg,/Gp in the Q? interval of 12.3—16.0
(GeV/c)? in a single detector setting with one beam energy of 11 GeV for 56 days. The
statistics will be subdivided into two intervals 12.3—13.5 and 13.5—16.0 (GeV/c)? resulting
in two data points at Q? of 12.9 and 14.8 GeV?. In addition we propose a control measure-
ment at Q? of 6.24 (GeV/c)? using a beam energy of 4.4 GeV without moving the proton
arm.
The kinematical quantities for these points are summarized in Table 3.

Q2

E6 96 Ee/ 9,, Pp
(GeV/c)? | GeV | deg | GeV | deg | GeV/c
6.24 | 44 | 70.11 | 1.08 | 14.1 4.16
12.90 | 11. | 30.92 | 4.13 | 15.9 7.75
14.75 | 11. | 38.14 | 3.14 | 12.8 8.75

Table 3: The kinematics of the proposed data points.

The rate estimates, and the Figure-of-Merit extrapolated to the high momentum region
as desribed in Section 5.3, are shown in Table 4.

Q? do [dQ. dQ. | rate €Al

(GeV/c)? cm?/sr msr | Hz FOM
6.24 | 82 x 10737 | 188 | 117 | 3.61 x 10~3
12.90 | 1.7 x 10737 35 419 | 1.04 x 10~3
1475 | 42x 10738 | 127 | 425 | 0.82 x 103

Table 4: Expected event rates and Figure-of-Merit.

The anticipated errors of the proposed points are given in Table 5 and shown in Fig.26. We
are assuming a beam of 75 pA intensity, and 85 % beam polarization. In these calculations
we use the size of the target for which there is a full aceptance for the given Q? region, which
is 40 cm for the 6.24 and 14.75 GeV'? points, and 35 em for the 12.90 GeV? point. For all the
kinematics the calorimeter is at a distance of 3.5 m. It matches the proton arm solid angle
for the high (?> measurements, and reduces it by a factor 2.6 for the control measurements.

Q? | beam time | A[ uGr/G u]
(GeV/c)? days stat.
6.24 2 0.037
12.90 | for both 0.088
14.75 56 0.105
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Table 5: Proposed data points and anticipated statistical uncertainty.
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Figure 26: The proposed data points.

8.2 Calibration of the proton arm and its optics

The magnetic system of the proton arm is very simple in the proposed experiment. It
consists of a single dipole magnet (48D48). For the present plan we are going to use only the
central 60% of the magnet gap, so effects of the fringe field near the edges are reduced even
more. Nevertheless, to minimize the systematic effects we plan to check the deflection in
the non-dispersive plane by turning the magnet on and off. Compared to the previous GEP
experiments, such task is mach easier here because of the direct view of the target from the
tracking chambers.

For the optical studies we will use electrons scattered from the carbon target. Several
thin carbon foils will be installed in beam with 4 cm spacing. The sieve slit will be used
to define the scattering angle of the electrons. The calibration of energy reconstruction will
be done by using elastic scattering events with the recoil proton detected at 32° in BigCal,
and the electron in the proton arm. The large cross section for such inverse measurement
leads to a 100 Hz rate of elastic ep events even with 10 times lower luminosity. Scattered
electrons of 8 GeV momentum match the momentum of proton in production run. Total
time for optics commissioning is estimated in 16 hours, which is included in the experiment
beam time budget.
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8.3 Beam time request

The beam time request for the proposed experiment is summarized in Table 6. High degree

of beam polarization is very important, so we plan to do a spin “dance” to insure maximum
logitudinal polarization.

Item Beam energy Q? Beam time
GeV (GeV/c)? hours
Optics 4.4 24
Production 44 6.24 48
Spin study 11.0 24
Production 11.0 12.9 & 14.8 1344
Total 1440

Table 6: Beam time request. Total budget is 60 days.

43



9 Summary

We request 60 days of beam time to measure Gg,/Gr, at Q* = 12.9 and 14.8 (GeV/c)?
through a measurement of the polarization transfer in the elastic reaction H(€,e'p). We
propose to measure Gg,/Gr to an absolute statistical accuracy, A[u,Ggp/Gup) ~ 0.1,
which would match the precision achieved in lower momentum transfer recoil polarization
measurements at JLab, (GEP(1) and GEP2)). This experiment will be done in Hall A,
and will utilize BigCal to detect electrons scattered off a 40 c¢m cryogenic target, and a
customized setup for detecting the recoil proton which will include a dipole magnet, three
new fast trackers for the determination of its momentum, interaction vertex and polarization,
as well as a hadron calorimeter to control the trigger rate. The dipole, type 48D48, is
available from the fixed target AGS program at BNL. The polarimeter can be developed
from the existing new polarimeter built for GEP(3) in Hall C. Several options exist for
the hadron calorimeter. One likely option is to reuse parts of calorimeters that exist at
several collaborating institutions. The new and key part of the detector is the set of tracking
chambers; these are conceptually similar to ones used in the COMPASS experiment at
CERN.

Knowledge of the proton form factors is crucial for the understanding of the structure of
the nucleon. Form factor data are required for tests of QCD. Recent results from lattice
QCD calculations have become sufficiently accurate to allow for direct comparison with
data. Phenomenological models have been challenged by elastic form factor data obtained at
Jefferson Lab. The Pauli form factor F5 provides a unique way to determine the Generalized
Parton Distribution E(x, &, t), which is not accessible from DIS data; F» is a convolution over
x of E(x,&,t). Another proposal to this PAC [91] will access the ep elastic cross section with
the goal of re-measuring G, to better accuracy than done in the past; it will require the
GEp/Gup ratio to extract Gy, from cross sections. In addition, form factors at the largest
possible Q% are a necessary input in the analysis and interpretation of the quark orbital
angular momentum in the nucleon. It is of course also an intriguing question whether the
GEp/G up ratio will become negative and what is the physics responsible for it.
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10 Coordination of GEP(4) and GEP(5)

The LOI 12-06-103 submitted to PAC 30 described an experiment utilizing the super HMS
to measure the Gg,/Gup ratio up to 13 GeV2. It was well received by the PAC and the
collaboration is planning to submit a full proposal to PAC 34. This experiment will use
existing equipment, including the focal plane polarimeter recently built for GEP(3), and the
calorimeter BigCal likewise built for the same experiment. It will therefore require very small
laboratory resources to run, beyond the new standard equipment in Hall C (the superHMS).
However, due to the small solid angle of the super HMS (3.5 mr), the predicted error bar is
0.16 at 13 GeV?, to be obtained in 60 days of beam on target. We see two reasons the two
proposals, this one and the future GEP(4), should be considered complementary. GEP(5)
is submitted before GEP(4) for ”strategic” reasons: it requires early funding for new instru-
mentation, and time for construction; GEP(4) can use the standard equipment in Hall C
very soon after the 11 GeV upgrade.

1) the mapping of the form factor ratio in the region of @? above 9 GeV? is of great
interest. GEP(3) will probably be limited to 8.5 GeV? because of insufficient beam energy.
Having new data points at 10.5, 13 and 15 GeV?, 13 GeV? being an overlap point between
the 2 experiments, is very reasonable: we known from GEP(2) that reduction of the pion
generated background, which can simulate elastic ep events, is crucial for obtaining the
correct form factor ratio; the backgrounds will definitively be different in the 2 experiments.

2) The GEP collaboration has been instrumental in developing the recoil polarization
technique at JLab; in particular it has initiated calibration measurements in Dubna, which
have been determinant in getting GEP(3) approved. We have an approved project to continue
these calibrations in Dubna in 2008/9, with the goal of reaching a proton momentum 8
GeV/c; there is presently absolutely no information for the analyzing power of either carbon
or CH; at such proton momenta; the existing data for pp elastic scattering can only be used
as an indication that the analyzing power will not be too small to be usable.
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11 Collaboration responsibilities and expected stages of develop-
ment

The following is a list of personnel from the institutions and their intended contribution to
the proposed experiment:

e The William and Mary PI and collaborators of this experiment are committed to im-
plement upgrade and operation support of the BigCal calorimeter. They will also take
responsibility for implementation of the hadron calorimeter in this experiment. The
source of funding for this group is NSF.

e The Norfolk State University PI and collaborators for this experiment will use their
expertise in tracking detectors to contribute to aspects of DAQ and the GEM trackers.
The source of funding for this group is DOE.

e The INFN group consists of 3 faculty members in Rome and 2 in Bari, as well as
two research scientists and one post-doc committed to this experiment. The source of
research funding for this group is the INFN. This group intends to contribute at least
7 F'TE-years. The group has recently constructed a large RICH counter for the HRS in
Hall A, and will take a leading role in development and construction of the trackers for
this experiment.

e The Hall A contribution will be the infrastructure for the 48D48 magnet, consisting of
the carriage for installation of the magnet in Hall A; and modification of the control for
the power supply (which will be provided by BNL, together with the dipole magnet).

Below is a preliminary plan of the development for the proton arm:

The INFN group is organizing several institutions in this collaboration to coordinate different
aspects of the GEM base trackers. These groups are INFN(Rome), INFN(Bari), Norfolk
State University, MIT, Glasgow University, Florida International University, and UVA. We
expect that a small scale prototype GEM-based chamber will be constructed in early 2008 and
could be used in Hall A for rate measurements, and in HRS optics studies. Depending on the
funding profile for 2008/9, the INFN group has set a goal of construction of the larger trackers
(with dimensions of 30x140 c¢m?), such that they can be tested in the BigBite spectrometer
in 2009. Depending on funding availability, the INFN group intends to contribute about
33% of the resources required to build the tracking system for this proposal.

The Glasgow group intends to work on similar GEM-based detectors for the PANDA
experiment and will share their results in hardware design and readout software with this
experiment, effectively contributing several FTE’s.

The Florida International University also intends to contribute in the development of a
GEM-based tracker at least 1 FTE and put a graduate PhD thesis student in this experiment.

The University of Virginia group, which recently developed a major new tracker for the
BigBite spectrometer, intends to contribute at least 1 FTE to the development of a GEM-
based tracker.

The College of William and Mary group, together with Dubna collaborators, intends to
prepare the hadron calorimeter elements and their implementation in time for the experiment,
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around 2012. These two groups will also undertake an (approved) experiment with a ~ 8
GeV/c polarized proton beam at the Dubna Nuclotron, to measure the analyzing power and
efficiency of a polarimeter similar to the one required for this proposal. This experiment
will also test the use of the hadron calorimeter as part of the trigger, including study of
selectivity of the elastic process of the analyzing reaction on CHj.

The Carnegie Mellon University group and Hall A are preparing a proposal to measure
magnetic form factor of the neutron (with 6 GeV beam) which will be submitted to PAC33.
A key new element of that proposal is the deflection magnet 48D48 required for the present
proposal. These two groups intend to join efforts in the preparation of the 48D48 magnet
for the present proposed experiment.

The Yerevan (Armenia) group and Protvino groups (Russia) intend to continue opera-
tional support for the electromagnetic calorimeter BigCal.

The proposed magnet-detector system of the proton arm provides a unique new resource
for future Hall A experiments, such as the semi-inclusive electron scattering from different
polarized targets, neutron electric form factor measurements, and J/¥ photo-production.
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